Poly(A)-specific ribonuclease (PARN) catalyzes the degradation of mRNA poly(A) tail to regulate translation efficiency and mRNA decay in higher eukaryotic cells. The full-length PARN is a multi-domain protein containing the catalytic nuclease domain, the R3H domain, the RRM domain and the C-terminal intrinsically unstructured domain (CTD). The roles of the three well-structured RNA-binding domains have been extensively studied, while little is known about CTD. In this research, the impact of CTD on PARN stability and aggregatory potency was studied by comparing the thermal inactivation and denaturation behaviors of full-length PARN with two N-terminal fragments lacking CTD. Our results showed that K + induced additional regular secondary structures and enhanced PARN stability against heat-induced inactivation, unfolding and aggregation. CTD prevented PARN from thermal inactivation but promoted thermal aggregation to initiate at a temperature much lower than that required for inactivation and unfolding. Blue-shift of Trp fluorescence during thermal transitions suggested that heat treatment induced rearrangements of domain organizations. CTD amplified the stabilizing effect of K + , implying the roles of CTD was mainly achieved by electrostatic interactions. These results suggested that CTD might dynamically interact with the main body of the molecule and release of CTD promoted selfassociation via electrostatic interactions.
Introduction
In eukaryotic cells, gene expression is post-transcriptionally regulated by mRNA 5′-and 3′-untranslational regions. The majority of eukaryotic mRNAs contain a long 3′-end poly(A) tail, which plays a crucial role in mRNA maturation, export from the nucleus, localization, translational efficiency, silencing and decay [1] . The poly(A) tail length is dynamically regulated by the opposing effects of poly(A) polymerases and deadenylases, which elongate or shorten the poly(A) tail length, respectively [2] . Deadenylases, which are 3′-exoribonucleases with a high substrate preference of poly(A) or oligo(A), has been identified to participate in diverse physiological processes such as oocyte maturation, early development, cell cycle, stress response, telomere maintenance and cell migration [3] [4] [5] . The importance of deadenylase cellular functions is revealed by the association of inherited mutations or abnormal expression levels of deadenylases with various human diseases [4, [6] [7] [8] [9] [10] [11] .
A number of deadenylases have been identified in eukaryotes [3, 4, 12] . Among them, poly(A)-specific ribonuclease (PARN, EC 3.1.13.4) has the unique properties of 5′-cap-binding ability, high activity, allosteric regulation, processive catalysis and highly regulated deadenylation in the cells [4, 5] . The full-length PARN is a multi-domain enzyme composed of three poly(A) binding domains, the nuclease domain, the R3H domain and the RRM domain (Fig. 1A) . Besides these three well-defined domains, PARN also has a C-terminal domain (CTD) predicted to be intrinsically disordered by bioinformatics analysis [13, 14] . PARN mainly exists as a homodimer in solutions, while it can also associate into larger oligomers via its R3H domain [15] . The feature of multiple RNA-binding domains is not shared by most deadenylases and may endow PARN to achieve multi-level regulation by the adjustments of domain interactions, interactions with the other proteins or posttranslational modifications. The contributions of the three RNAbinding domains to PARN catalysis, regulation and stability have been well-documented during the past twenty years [4, 5] ). Biochemical and structural studies have revealed that the nuclease domain of PARN belongs to the DEDD superfamily of 3′-exonucleases with a conserved core structure in this superfamily [16] . Similar to the other members in the DEDD superfamily, PARN utilizes a two-metal-ion catalytic mechanism [16, 17] . The most favorable divalent metal ion of PARN is Mg 2+ , which is not only perquisite for catalysis but also for structural stability [18, 19] . The RRM is capable to bind with cap analogue, which may be important for the allosteric regulation and amplified processivity of PARN by the cap structure at the 5′-end of eukaryotic mRNAs [20] [21] [22] [23] . However, the role of CTD in PARN functions remains elusive. Previously, two proteolytic fragments with the removal of CTD or removal of CTD and part of the RRM domain has been identified in Xenopus and HeLa cell extracts, respectively [24, 25] , implying that the intracellular functions of PARN may be regulated by proteolysis. The catalysis of PARN shows a strong dependence on spermidine, K + or the other monovalent ions [26, 27] . The optimal K + concentration is around the physiological concentration in the cells (∼100 mM). At least two K + -binding sites has been proposed to locate at the nuclease domain and RRM domain, which may facilitate PARN catalysis and allosteric regulation, respectively [22] . Similar to most intrinsically disordered regions, CTD of PARN contained a number of positively and negatively charged residues and therefore has the potency to bind with monovalent ions. Low concentrations of chemical denaturants have been proposed to induce CTD structural transition to form more regular secondary structures [14] , but it is unclear whether this structural transition can be triggered by physiological factors or not. In this research, we studied the roles of CTD in PARN stability by analyzing the effect of K + on the thermal stability of the full-length PARN (p74), the N-terminal fragment lacking CTD (p60) and the fragment lacking CTD and the RRM domain (p46) in the presence of various concentrations of KCl (Fig. 1B) . Our results showed that the existence of CTD modulated PARN stability and self-association potency, which could be influenced by the KC concentration. The specific stabilizing effect of K + on CTD suggested that electrostatic interactions played a crucial role in adjusting PARN self-association and stability.
Materials and methods

Materials
Tris and kanamycin were purchased from AMRESCO. Imidazole, methylene blue, MOPS and polyadenylic acid potassium salts were obtained from Sigma-Aldrich, Inc. Dithiothreitol (DTT) and isopropyl-1-thio-β-D-galactopyranoside (IPTG) were purchased from Promega. All other reagents were local products of analytical grade.
Protein expression, purification and sample preparation
The plasmid containing the cDNA sequence of the wild type human PARN was kindly provided by Professor Anders Virtanen (Uppsala University, Sweden). The truncated proteins p60 (residues 1-520 AA) and p46 (residues 1-446 AA) were constructed by standard protocols of mutagenesis using the following primers: p60-forward, 5′-CGATGTCA CATATGGAGATAATCAGGAGC-3'; p60-reverse 5′-GATCCTCGAGCTAC TTCTCTTCCTGTTTTC-3'; p46-forward, 5′-GCTACTCGAGCTTCTCTTCC TGTTTTC-3'; and p46-reverse, 5′-GATCGTCGACTTAATGATCACGTTT AGGCTGC-3'. The obtained genes were cloned to the expression vector pET-28a (Novagen) and verified by sequencing. The recombinant proteins were overexpressed in Escherichia coli BL21 (DE3) (Stratagene, Heidelberg, Germany) and purified as described previously [18, 28] . In brief, the expression of the proteins was induced by 0.1 mM IPTG at 16°C for 24 h. The proteins were isolated from the supernatant fraction of cell lysates by Ni 2+ -affinity chromatography (GE Healthcare),. The final products were purified using a Superdex 200 10/30 GL column equipped on an ÄKTA purifier (GE Healthcare). The protein concentration was determined according to the Bradford method [29] . The protein solutions used for analysis were prepared in buffer A containing 20 mM Tris-HCl (pH 8.0), 100 mM KCl, 0.5 mM DTT, 0.2 mM EDTA and 
Spectroscopy
Details regarding spectroscopic experiments were the same as those reported previously [30] . In brief, far-UV circular dichroism (CD) spectra were recorded on a Jasco-715 spectrophotometer (Jasco) using a cell with a path length of 0.1 cm. Intrinsic fluorescence spectra were measured on a Hitachi F-2500 spectrophotometer (Hitachi) using a 0.2 mL cuvette with an excitation wavelength of 280 nm or 295 nm. The intrinsic fluorescence of proteins is mainly contributed by Trp and Tyr fluorophores when excited by 280 nm, while dominated by Trp fluorophores when excited at 295 nm. Parameter A, which is a sensitive tool to monitor the position and shape of the Trp fluorescence spectrum [31] , was calculated by dividing the fluorescence intensity at 320 nm by that at 365 nm. Resonance Rayleigh light scattering was determined at 90°using an excitation wavelength of 295 nm as described previously [14] . All spectroscopic experiments were carried out using a protein concentration of 2 μM.
Enzyme assay
The enzymatic activity was measured according to the methylene blue method as described previously [32] with some modifications. In brief, the standard reaction buffer contained 20 mM Tris-HCl, pH 7.0, 100 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 0.2 mM EDTA and 10% (v/v) glycerol. Commercial poly(A) was dissolved in the standard reaction buffer with a concentration of 100 μg/ml. The reaction was initiated by mixing 10 μl enzyme and 40 μl substrate solutions and incubated at 37°C for 8 min. Then methylene blue buffer was added to terminate the reaction and the solution was incubated for another 15 min in the dark. The absorbance at 662 nm was measured using an Ultraspec 4300 pro UV/Visible spectrophotometer. The activity was calculated by a standard curve obtained from the absorbance of commercial poly(A).
Thermal inactivation
Protein solutions was pre-equilibrated with buffer A containing 25, 100, 400 mM potassium ions at 4°C. Thermal inactivation was performed by incubating the samples in a water bath for 10 min at a given temperature. Then the samples were cooled on ice and diluted with buffer A containing different concentration of potassium ions to ensure the final concentration of potassium ions were 100 mM in the enzyme assay. The residual activity of each sample was determined using the methylene blue enzyme assay [32] . The presented data were normalized by taking the activity of sample incubated on ice as 1. The standard deviations were calculated from at least three repetitions.
Thermal denaturation and aggregation
The thermal denaturation of PARN was conducted by incubating the samples containing 2 μM proteins from 30°C to 85°C with a temperature interval of 5°C. The cuvette was sealed by PARAFILM during experiments to avoid changes in solution volumes. At each experimental temperature, the samples were equilibrated for 5 min, and then the intrinsic Trp fluorescence and resonance Rayleigh light scattering were recorded. The aggregation kinetics was measured by measuring the turbidity at 400 nm (A 400 ) with an Ultraspec 4300 pro UV/Visible spectrophotometer using a 1 ml cuvette at 65°C. The kinetic parameters was analyzed by considering the protein aggregation process as a firstorder reaction as described previously [19, 33] . The following equation was used for the fitting of the data:
where t is the time of incubation at a given temperature, t 0 is the lag time of aggregation, A is turbidity value at time t, A lim is the A 400 value at the infinite time and k is the rate constant of the first order reaction. Data fitting was performed by nonlinear regression analysis using Prism (GraphPad Inc.).
Results
K + is essential to PARN activity [26, 27] and acts as an allosteric activator of PARN with multiple binding sites [22] . The potential interactions between K + and CTD could not deciphered from activity studies due to the little impact of CTD on PARN catalysis [22] . To address this problem, spectroscopic experiments were carried out for proteins with or without CTD (Fig. 1B) in the presence of 25, 100 and 400 mM K + . Far-UV CD spectra (Fig. 1C) indicated that high concentrations of K + concentrations led to an increase in the ellipticities without significant changes in the shape of the CD spectra, suggesting that the binding of K + could induce more regular secondary structures for all of the three proteins. The effect of K + on PARN secondary structures was more pronounced for the full-length protein p74 than the two N-terminal fragments lacing CTD. Intrinsic fluorescence excited at 295 nm, which reflects the microenvironments of Trp fluorophores, was used to probe the tertiary structural changes (Fig. 1D) . Although the fluorescence intensity of the three proteins differed significantly due to the dissimilar numbers of Trp fluorophores, the position and the shape of the intrinsic fluorescence spectra was not altered by the increase of K + concentrations.
Protein stability can evaluate how protein structures are modified by the binding of co-solutes. In the Hofmeister series, K + has long been characterized as a chaotrope with minor protein destabilization ability [34] . To examine whether K + influenced PARN via the general Hofmeister effect, the thermally induced inactivation, denaturation and aggregation was monitored for the three proteins in the presence of 25, 100 and 400 mM K + (Fig. 2) . To facilitate the comparison of the results, all transition curves were fitted by a two-state model. The results showed that K + could successful protect all of the three proteins against thermal inactivation and denaturation. Among the three enzymes, the full-length enzyme p74 was the most stable against thermal inactivation under all K + concentrations (Fig. 2B) . When K + concentration was increased from 25 mM to 400 mM, the ΔT 0.5 -inactivation, which is the changes of the midpoint temperature of thermal inactivation, was 9.4°C, 4.8°C and 4.0°C for p74, p60 and p46, respectively. Thus the existence of CTD could successfully protect PARN against unfolding of the active site structure and the protective effect of K + on enzyme activity was much more significant when PARN possessed CTD. The effects of K + on the increase of the overall structural stability was similar for the three proteins as evaluated by the midpoint temperature of denaturation monitored by intrinsic fluorescence (Fig. 2D) . It is worth noting that during protein unfolding, the Trp fluorescence usually red-shifted with a decrease in the Parameter A value due to the exposure of interior Trp fluorophores to solvent. For example, Trp fluorophores in PARN red-shifted to a value similar to free Trp when fully denatured by chemical denaturants [14, 28] . Unexpectedly, the Trp fluorescence of all three proteins had a blue-shift and therefore an increase of Parameter A (Fig. 2C) . The blue-shift of Trp fluorescence indicated that the Trp fluorophores were in more hydrophobic microenvironments rather than exposed to the solvent during PARN thermal denaturation. This unusual behavior might be caused by either a more compact structure at high temperatures or the formation of high-order oligomers, which protected some of the Trp fluorophores from solventexposure. The similar patterns of the three proteins suggested that this unusual blue-shift was not caused by the RRM domain or CTD. There is only one Trp residue in p46, W219 at the R3H domain (Fig. 3A) . Thus this unusual behavior of Trp fluorescence is likely to be caused by conformational changes of the R3H domain. R3H domain-trigged self-association has been shown to led to blueshift of Trp fluorescence in p46 [15] . However, no large oligomers or protein aggregates could be detected below 50°C for p46 (Fig. 2E) . To further elucidate whether the heat-induced blue-shift of Trp fluorescence was caused by conformational changes or oligomerization, the intrinsic fluorescence of Tyr and Trp fluorophores of p46 was measured simultaneously using an excitation wavelength of 280 nm or 295 nm. Tyr fluorescence is centered at 305 nm (Fig. 3B) , while Trp fluorescence is at around 330 nm as determined by the Trp fluorescence spectra with an excitation wavelength of 295 nm (Fig. 3D) . If heat treatment only promotes non-specific fluorescence quenching but not conformational change, the intensities of Tyr and Trp fluorescence are expected to decrease simultaneously without significant alternations in the spectral shape. If change in intrinsic fluorescence is induced by protein oligomerization/aggregation, synchronous change is expected for the intensities of Tyr and Trp fluorescence. The results in Fig. 3C and E clearly indicated that the fluorescence quantum yields changed asynchronously for the Tyr and Trp fluorophores when temperature increased. The Tyr fluorescence decreased linearly as a function of temperature (Fig. 3C) , coincided with the fact that higher temperature can accelerate fluorescence quenching by promoting Brownian motions of proteins and solvent molecules. On the contrary, the Trp fluorescence increased at low temperatures and followed by a linear decrease at high temperatures ( Fig. 3C and E) . The linear decrease of the widely distributed Tyr fluorophores (Fig. 3A) indicated that the overall structure changed little upon heating. The unusual increase of the Trp fluorescence quantum yield suggested that the R3H domain might have a rigid-body movement, which led to a more compact quaternary structure as temperature increased from 35°C to 55°C. This hypothesis is likely to be true since the R3H domain is extruded from the nuclease domain in the crystal structure of p46 (Fig. 3A) and no significantly changes in secondary structures when monitored by far-UV CD (data not shown).
The formation of non-native aggregates was monitored by resonance Rayleigh light scattering, which is a sensitive tool to monitor the appearance of large oligomers/aggregates in solutions [14] . The K + concentration-dependence of the three proteins behaved quite differently. An opposing action of K + was observed between p74 and p46 at low K + concentrations ( Fig. 2E and F) . K + could efficiently protect p74 against aggregation with an increase of the T 0.5 -aggregation value of 16°C when K + concentration was increased from 25 mM to 400 mM, while p60 was weakly protected by K + with ΔT 0.5 -aggregation = 3.7°C. The aggregation of p46 in the presence of 100 mM K + was the most serious, and 400 mM K + could slightly retard the appearance of aggregates. It is worth noting that p74 was the most aggregation-prone in buffers with low K + concentrations, while the T 0.5 -aggregation values were almost identical for the three proteins in the presence of 400 mM K + . These observations suggested that the existence of CTD facilitated PARN aggregation and the dramatic protection of K + on p74 thermal aggregation was achieved via specific binding with CTD. Aggregation kinetics at 65°C was studied to quantitatively evaluate the effects of K + on the aggregation behavior of PARN (Fig. 4) . Consistent with the equilibrium thermal denaturation studies, p74 was the most aggregation-prone, followed by p60, while p46 was the least. With the addition of K + , the aggregation of p74 was significantly inhibited to a level close to that of p60. On the contrary, K + promoted the aggregation of p60 and p46, and saturated when K + concentration reached 100 mM. The aggregation kinetic parameters were obtained by The experiments were performed using p46 in buffer with 25 mM KCl, while similar results were also observed for p46 in buffer with the addition of 100 or 400 mM KCl (data not shown). fitting of the time-course changes in turbidity by Eq. (1). Increase of K + concentration could elongate the lag time (t 0 ) of aggregation for all of the three proteins. Notably, aggregation occurred at a higher temperature than unfolding during equilibrium thermal denaturation (Fig. 2) . The elongation of t 0 by K + was resulted from the stabilization of the proteins against thermal unfolding. Thus the thermal aggregation of all three proteins followed an unfolding-limited aggregation model, in which the conformational change is the rate-limiting step for the onset of aggregation. K + could inhibit p74 aggregation by decreasing both k and A lim , but promote p60 and p46 aggregation by increasing k and A lim . The aggregation-promoting effect of K + on p60 and p46 might be caused by the general effect of salt on protein aggregation [35] . The opposing effects of K + on the aggregation behaviors between PARN with or without CTD could be clearly observed from the changes of k*A lim (Fig. 4E) , which reflects the initial velocity of aggregation and is an excellent indicator to examine the actions of various factors [33] . The distinct K + -concentration dependence of the three proteins revealed that CTD was an aggregation-prone domain and K + could modulate the aggregatory potency of PARN via binding with CTD.
Discussion
The structural and functional roles of the three RNA-binding domains of PARN have been extensively explored by structural, biophysical and biochemical studies (reviewed in Ref. [5] ). However, little is known about CTD of PARN, which contains about 120 amino acid residues and is predicted to be intrinsically unstructured [13, 14] . The existence of two PARN proteolytic fragments with the removal of CTD in Xenopus and HeLa cell extracts [24, 25] implies that CTD may have regulatory roles in the cells. Due to its intrinsically unstructured nature, CTD contributes little to PARN catalysis [22, 30] . In this research, we investigated the impact of CTD on PARN stability and response to salts by comparing the thermal properties of proteins with or without CTD in the presence of difference concentrations of K + . Our results showed that CTD could modulate PARN stability and aggregatory potency. The actions of CTD could be modulated by K + concentrations. Our findings provide insights in understanding the structural role of CTD and regulation of PARN function by electrostatic interactions. The existence of CTD may be important to the structural integrity of PARN. Notably, under all K + concentration conditions, the stability of p74 against thermal inactivation was the highest among the three enzymes regardless of its aggregation-prone property (Fig. 2 ). Particularly at high K + concentrations, p74 had similar aggregation behavior to p60 and p46, but a pronounced high stability against inactivation induced by heat. The structural basis of this unusual property of PARN possessing CTD remains unknown. A possible explanation is that CTD weakly binds with the RNA-binding domains via electrostatic interactions and the binding is reinforced by high K + concentrations. At high K + concentrations, the tighter binding of CTD with the other domains might result from high K + concentration-induced more regular secondary structures ( Fig. 1C ) with higher binding ability. Based on the results obtained herein, a hypothetical model is shown in Fig. 5 . This hypothesis is consistent with the previously AFM result, which showed that the full-length PARN has a compact globular architecture [13] . The interaction interface between CTD and the RNA-binding domains did not interfere with the binding sites of substrate and allosteric regulators [22] but enhanced domain stability against heat-induced inactivation (Fig. 2) . Furthermore, the interaction between CTD and the RNAbinding domains was probably highly dynamic with a large dissociation constant and involves only part of CTD. That's why this interaction is difficult to be probed by high-resolution structural studies or spectroscopic methods, but can only get hints from stability analysis. A comparison of the thermal transition curves of the three proteins suggested that the existence of CTD affected the thermal denaturation mechanism of PARN. For the two proteins lacking either CTD or CTD and RRM, the thermal aggregation occurred at a temperature much higher than inactivation and structural changes under all K + concentration conditions, suggesting that the onset of aggregation required total inactivation of the enzymes accompanied with significant conformational changes of the molecules. As for p74, aggregation occurred at a temperature where the enzyme had no significant changes in its activity and structure at low K + concentrations. In the presence of 25 mM and 100 mM K + , the T 0.5 values for inactivation of p74 were higher than those for unfolding and aggregation. This suggested that the full-length protein possessing CTD could maintain its catalytic activity and native-like structure at the early stage of aggregation. During thermal denaturation, the secondary structures changed little as revealed by the almost superimposed CD spectra before serious aggregation occurred (data not shown, see also [18] ). Although there was an alteration in the Trp fluorescence during thermal denaturation, the unusual blue-shift of Trp fluorescence was not arose from the complete deanturation of the molecule but from structural adjustment of the domain organization. The discrepancy of the thermal denaturation behavior of the three proteins indicated that CTD was an aggregationprone domain that mediated PARN assembled into aggregates with native-like structures under mild denaturing conditions (Fig. 5) . Actually, it has been shown that some enzymes can form amyloid-like fibrils with native-like structures and activity [36] . The aggregatory potency of the full-length PARN was significantly weakened by 400 mM K + , suggesting that electrostatic interactions was the main driving force for the aggregation of p74. Previously PARN has been shown to be able to self-associate into active tetramers or high-order oligomers triggered by hydrophobic interactions of the R3H domain under physiological KCl concentrations [15] . The results herein further suggested that self-association of PARN could also triggered by CTD via electrostatic interactions. The dynamic self-association facilitated the cells to concentrate PARN molecules in desired micro-domains or compartments and to achieve highly regulated deadenylation. Further research is needed to explore the physiological implications of PARN self-association trigged by CTD and the R3H domain.
It is worth noting that the other deadenylases, CCR4-Caf1 and Pan2-Pan3, have been shown to be able to localize in large cytoplasmic RNA granules [37, 38] . Domain with low complexity has been proposed to be crucial to the assembly of the RNA granule components including CCR4 and Caf1 [39] [40] [41] [42] . It is unclear yet whether the intrinsically unstructured CTD is involved in the recruitment of PARN to large protein complexes such as CPEB-containing complex [43] or exosome-containing RNA granules [44] . Our findings that CTD is an aggregationprone domain at physiological K + concentrations suggested that CTD might play a role in mediating PARN recruitment into the above protein complexes or granules with the maintenance of its native-like structures and catalytic activity. Meanwhile, intrinsically unstructured domains has been proposed to be capable to interact with multiple targets accompanied with a structural transition to a folded form [45] , which supported the idea that both PARN self-association and protein-protein interactions could be triggered by the intrinsically unstructured CTD. Thus in the cells, the proteolysis of PARN might modify PARN functions by altering its self-association ability as well as protein interacting network.
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